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I.  MAIN  SCIENTIFIC  RESULTS  OF  THE  PROJECT 


1.  Fluorescence  spectra  of  several  Nd3+-containing  laser  crystals  (Nd:YAG  and  Nd:YAP)  and 
laser  glass  Nd:ZBLAN  under  intensive  diode  pumping  (at  808  nm),  laser  pumping  (at  266  nm,  354 
nm  and  532  nm)  and  their  combination  were  investigated  at  wavelengths  of  370-650  nm.  Several 
fluorescence  lines  caused  by  transition  from  the  high-energy  level  2F(2)5/2  were  registered.  An 
effective  channel  of  population  of  the  2F(2)5/2  level  by  a  two-step  transition  was  found.  In  Nd:YAG 
crystal  it  was:  the  first  step  is  the  transition  from  the  ground  state  to  metastable  level  4F3/2  under 
diode  pumping,  the  second  step  is  an  4f-5d  intershell  transition  from  the  4F3/2  level  to  the  2F(2)5/2 
level  (through  5d  electron  shell)  under  fourth  harmonic  pumping. 

2.  Refractive  index  changes  in  Nd:YAG  laser  crystals  under  intensive  diode  pumping  (at  808 
nm),  laser  pumping  (at  266  nm)  and  their  combination  were  studied  by  a  sensitive  polarization 
Jamin-Lebedev  interferometer.  The  thermal  and  electron  components  of  the  index  changes  were 
separated.  The  value  of  the  electron  component  caused  by  different  polarizability  of  excited  and 
unexcited  Nd3+  ions  was  determined.  The  electron  changes  of  the  refractive  index  were  found  to  be 
comparable  with  the  thermal  component  in  a  Nd:YAG  rod  under  QCW  diode  pumping  (at  808  nm) 
with  pulse  duration  of  200  ps.  The  electron  component  predominated  in  Nd:YAG  under  combined 
diode  pumping  and  the  fourth-harmonic  laser  pumping  (at  266  nm). 

3.  Self-starting  conditions  of  a  flash-lamp-pumped  Nd:YAG  laser  oscillator  with  dynamic 
holographic  mirror  were  experimentally  studied  for  different  cavity  architectures.  The  oscillation 
threshold  in  the  cavity  completed  by  a  long-period  grating  was  found  to  be  lower  than  that  of  a  laser 
with  cavity  completed  by  a  small-scale  grating.  This  effect  was  explained  by  a  larger  number  of 
fluorescence  components,  which  jointly  induce  the  population  grating. 

4.  The  dynamics  of  the  generating  wave  in  the  self-starting  Nd:YAG  laser  with  a  cavity  formed 
by  population  grating  was  investigated.  The  probability  of  the  single-mode  regime  was  found  to  be 
high  enough  near  oscillation  threshold  of  the  self-starting  laser.  The  stability  of  the  single¬ 
longitudinal  mode  generation  reduced  with  an  increase  in  pumping  power.  The  probability  of 
single-longitudinal  mode  generation  was  found  to  be  higher  in  the  laser  with  cavity  completed  by 
the  long-period  grating  in  comparison  with  the  cavity  completed  by  the  small-period  grating. 

5.  The  spatio-temporal  model  of  the  self- starting  oscillator  was  numerically  calculated  for 
different  models  of  the  random  noise  source:  distributed  delta-correlated  (in-space  and  time)  noise, 
and  in-boundary  localized  noise.  The  oscillation  dynamics  were  qualitatively  similar  for  the  two- 
noise  model;  however,  the  self-oscillation  threshold  was  found  slightly  lower  for  localized  noise. 
The  oscillation  threshold  decreased  in  the  presence  of  several  longitudinal  modes  when  all  modes 
formed  a  single  grating. 

6.  The  influence  of  phase  nonreciprocity  of  the  cavity  completed  by  the  population  grating  on 
the  self-starting  oscillation  was  studied  both  experimentally  and  numerically.  The  oscillation 
threshold  decreases  in  the  laser  with  cavity  with  nil  phase  nonreciprocity  in  comparison  with  the 
reciprocal  laser  cavity. 

7.  The  possibility  of  self-starting  oscillation  in  Nd:YAG  laser  with  cavity  completed  by 
population  grating  induced  by  a  fast-relaxed  saturable  absorber  was  studied.  The  generation  of  a 
mode-locking  pulse  train  in  the  self-starting  laser  was  realized. 

8.  Different  schemes  of  the  high- average-power  laser  with  dynamic  cavity  completed  by 
holographic  grating  were  studied.  The  generation  of  the  good-quality  beam  with  average  power  of 
200W  was  obtained  in  the  laser  based  on  two  flash- lamp  pumped  Nd:YAG  rods  of  big  sizes 
012x135  mm.  The  additional  improvement  of  beam  quality  was  obtained  by  an  additional 
polarization  rotator  and  telescope  image  transfer  from  the  principal  plane  of  one  rod  to  the  principal 
plane  of  the  other  rod.  The  scheme  was  found  to  be  scaleable  for  increase  of  power  of  the  beam 
with  good  quality. 


1.  Spectroscopic  investigations  of  population  of  the  high-energy  levels  in  Nd-containing 

laser  crystals  and  glasses 
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In  our  previous  study,  a  very  important  role  of  the 
quasi-metastable  level  2F(2)5/2  in  explaining  the  origin 
of  the  strong  nonlinearity  of  the  Nd-containing  laser 
crystal  has  been  demonstrated  (Fig.  1.1).  This  high- 
energy  level  has  great  polarizability  at  near-IR 
wavelengths,  and  mainly  determines  the  electron  index 
changes  in  flash- lamp  pumped  Nd:YAG  [1,2].  In  the 
frame  of  this  project  the  population  of  this  level  under 
laser  and  diode  pumping  was  studied  by  fluorescence 
spectroscopy. 

EXPERIMENTS:  A  Nd:YAG  or  Nd:YAP  rod  (4  mm  in 
diameter)  and  a  Nd:ZBLAN  sample  were  pumped  by 
the  second,  third  or  fourth  harmonics  of  an  additional 
Q-switched  Nd:YAG  laser  (at  532  nm,  354.7  nm  or  266 
nm,  respectively)  in  combination  with  a  CW  diode  bar 
array  or  QCW  diode  stack  (at  808  nm)  (Fig.  1.2).  Pulse 
duration  of  the  Nd:YAG  laser  was  about  10  ns, 
repetition  rate  was  10...  14  Hz.  Pulse  energy  was  up  to 
10  mJ  at  the  second  harmonic;  up  to  0.5  mJ  and  2  mJ  at  the 
third  and  fourth  harmonics,  respectively;  up  to  20  W  for  the 
CW  laser  diode  bar  array;  and  up  to  300  W  in  pulse  for 


54000 
52000 

46000 
4200(45 - 

3 8000 I 


>5d 


28000 

26000 


19001 

12500 

11500 


2100 

0 


i= 

i= 

2co 


3d) 


2co 

c 

- c. 


3« 


403 


403 


Diode 


F(2)5,2 

1  4D3/2 

'  2P3/2 

1  4G7/2 

4Fs/2  "Hs/2 

4F3/2 

-|4Ill/2 

TI9/2 


>4f 


Fig.  1.1.  Electron  energy  levels  of  Nd3+ 
ions  in  Nd:YAG  laser  crystal. 


QCW  diode  stack.  The  optical  beam  of  the  CW  diode  bar  array  was  chopped  and  synchronized  with 
pulses  of  the  harmonics.  The  size  of  the  pumped  area  in  the  Nd:YAG  crystal  was  10x0.1  mm2  and 
10x0.2. .  .0.4  mm2  for  the  harmonics  and  laser  diode  beam,  respectively. 
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Fig.  1 .2.  Experimental  schematic  of  spectroscopic  study  of  fluorescence  of  laser  crystals  pumped  by  laser 
diode  bar  array,  and  the  second,  third  or  fourth  harmonics  of  an  additional  pulsed  Nd:YAG  laser. 

The  fluorescence  signal  (in  the  wavelength  range  of  370-650  nm)  was  detected  by  a 
monochromator  and  a  photodetector,  filtered  and  amplified  by  a  differential  amplifier  (which  was 
synchronized  with  laser  pulses),  and  calculated  by  a  computer. 

1.1.  Fluorescence  of  Nd:YAG  and  Nd:YAP  crystals  under  laser  pumping 

The  registered  fluorescence  signal  contained  several  spectrum  lines  which  corresponded  to 
transitions  from  the  2(F2)5/2  electron  level  (Fig.  1.3).  This  identification  was  made  based  on 


information  about  energy  position  of  the  levels  inside  the  4f-electron  shell  of  the  Nd:YAG  laser 
crystal  [3,4],  and  previous  results  of  fluorescence  measurements  in  the  Nd:YAG  crystal  under  laser 
pumping  [5,6].  The  fluorescence  band  at  400.5  nm  (of  the  transition  from  the  2F(2)5/2  level  to  the 
2H9/2  level)  was  chosen  to  indicate  the  population  of  the  level  2F(2)5/2.  The  luminescence  intensity  at 
this  spectrum  line  was  measured  to  be  quadratically  dependent  on  the  second-harmonic  intensity 
and  linearly  on  the  fourth-harmonic  intensity  even  in  the  absence  of  the  diode  pump  (Fig.  1.4).  This 
result  showed  the  possibility  of  two-photon  transition  to  the  2F(2)5/2  level  from  the  ground  state  4I9/2 
(through  the  intermediate  state  of  4Gy/2)  induced  by  the  second  harmonic  (at  532  nm)  and  of  a 
single-step  excitation  of  the  2F(2)5/2  level  induced  by  the  fourth  harmonic  (at  266  nm)  (Fig.  1.1). 
This  result  is  in  good  agreement  with  previously  published  studies  [5-7]. 


Fig.  1.3.  Fluorescence  spectra  of 
Nd:  YAG  crystal  at  pumping  of  266  nm 
or  532  nm. 


Fig.  1.4.  Fluorescence  intensity  at  400.5  nm  of  Nd:YAG  crystal  under  pumping  at  532  nm  (a)  and  at  266  nm  (b). 

The  measured  spectrum  of  the  visible  fluorescence  under  third-harmonic  pumping  (at  354  nm)  can 
be  explained  by  transitions  from  4D3/2  and  2P3/2  levels  of  Nd3+  ions.  This  result  is  also  in  good 
qualitative  agreement  with  previous  experimental  results  of  several  groups  [5,6].  However,  we  have 
obtained  several  new  results.  The  fluorescence  spectra  of  Nd:YAG  crystal  measured  under  pumping 
at  the  third  harmonic  of  Nd:YAG  laser  was  found  to  be  dependent  on  the  pump  energy.  Under  the 
pump  energy  Ep  <  0,2  mJ  the  spectral  lines  were  identified  to  be  transitions  4D3/2— >4Ii3/2, 
2P3/2— >4In/2,  and  4D3/2-44Ii5/2,  2P3/2— >4Ii3/2  (Fig.  1.5).  The  increase  of  the  third  harmonic  pulses 
energy  leads  to  appearance  of  new  fluorescence  lines  that  correspond  to  transitions  from  2F(2)5/2 
level  to  4F5/2,  2H9/2  and  4F  9/2-  The  fluorescence  intensity  was  measured  to  be  quadratically  dependent 


on  the  optical  pump  energy.  Such  kind  of  dependence  of  the  fluorescence  lines  can  be  explained  by 
two-step  population  of  this  level  when  Nd3+  ions  are  excited  through  the  4D3/2  level  to  the  level  of 
5d-electron  shell  (after  absorption  of  the  second  photon  of  the  third  harmonic),  and  then  by 
nonradiative  transition  from  5d-levels  to  the  2F(2)7/2  and  2F(2)5/2  levels.  The  UV  broad-band 
fluorescence  at  380  nm  may  be  explained  by  5d-4f  radiation  transitions  directly  from  the  levels  of 
the  5d-electron  shell. 


Fig.  1.5.  Fluorescence  spectra  of  Nd:YAG  under  third-harmonic  pumping  at  354.7  nm  with  pulse  energy  0.2  mJ 
(red  curve)  and  with  pulse  energy  of  0.5  mJ  (black  curve). 
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Fig.  1.6.  Fluorescence  spectra  of  Nd:YAP  under  fourth-harmonic  pumping  at  266  nm  (a  -  violet  curve)  or 
second-harmonic  pumping  at  532  nm  (a  -  green  curve)  and  third-harmonic  pumping  at  354.7  nm  (b). 


The  fluorescence  spectra  in  Nd:YAP  pumped  at  532  nm  and  266  nm  consist  of  lines  which  can  be 
explained  by  transitions  from  the  2F(2)5/2,  4D3/2  and  2P3/2  levels  of  Nd3+  ions  (Fig.  1.1).  Note,  that 
these  spectra  differ  from  fluorescence  spectra  of  Nd:YAG  crystal  under  the  same  pumping.  An 
explanation  to  these  differences  is  in  the  difference  in  absorption  of  the  crystal  matrixes:  the 
population  of  the  2F(2)5/2  level  due  to  266  nm  pumping  of  Nd:YAP  is  more  difficult  in  comparison 
with  Nd:YAG  because  of  strong  absorption  of  the  YAP  matrix  (beginning  at  about  300  nm)  (Fig. 
1.6a).  Under  the  third  harmonic  pump  (at  354.7  nm)  of  Nd:YAP  crystal,  the  fluorescence  at  several 


registered  (Fig.  1.6b).  The  energy  of  these  lines  is  close  to  that  in  Nd:YAG  crystal. 

Interesting  fluorescence  measurement  results  were  obtained  in  Nd-containing  fluorozirconate 
glass  (Nd:ZBLAN)  pumped  by  the  second,  third  and  fourth  harmonics  of  an  additional  Nd:YAG  at 
wavelengths  of  532  nm,  354  nm,  and  266  nm,  respectively.  The  host  glass  composition  was  (in  mol. 
%)  53ZrF4-20BaF2-4LaF3-3AlF3-20Na  (ZBLAN).  The  simplest  interpretation  of  the  luminescence 
spectrum  can  be  made  for  the  case  of  the  third-harmonic-pumped  Nd:ZBLAN  at  354.7  nm.  The  key 
point  is  the  absorption  transition  from  the  ground  state  4I9/2  to  the  4D3/2  level  [8].  This  level  is  quite 
metastable  (in  Nd:YAG  its  life  time  is  about  2.2  ns).  So,  the  visible  luminescence  spectra  can  be 
explained  by  transitions  from  this  4D3/2  level  and  2P3/2  (the  latter  is  populated  by  radiationless 
relaxation  from  the  directly-excited  4D3/2  level).  The  luminescence  spectrum  of  Nd:ZBLAN 
pumped  by  the  second  harmonic  (at  532  nm)  has  additional  lines  in  the  violet-blue  spectral  range:  at 
395  nm,  460  nm,  and  470  nm  (this  spectrum  can  be  explained  by  transitions  from  the  4G2/2  level 
(direct  pumping),  the  2F(2)5/2  level  (two-step  excitation),  and  the  4D3/2  level).  The  luminescence 
spectrum  of  Nd:ZBLAN  pumped  by  the  fourth  harmonic  (at  266  nm)  has  a  broadband  violet  line 
(this  spectrum  can  be  explained  by  transitions  from  the  2F(2)5/2  level,  which  is  populated  by  direct 
transition  from  the  ground  state). 

1.2.  Study  of  fluorescence  of  Nd:YAG  crystal  under  combined  diode  and  laser  pumping 

The  fluorescence  spectra  of  Nd:YAG  and  Nd:YAP  crystals  were  studied  by  combined  pulsed  laser 
pumping  and  pumping  by  a  CW  diode  array  or  QCW  diode  stack  (at  808  nm).  The  experiments 
showed  that  the  higher-lying  levels  are  much  stronger  populated  by  the  pumping  beam  at  266  nm 
(or  532  nm)  in  the  presence  rather  than  in  the  absence  of  diode  pumping  (compare  red  and  blue 
curves  in  Fig.  1.7).  Fluorescence  intensity  at  400.5  nm  pumped  by  the  266-nm  beam  increased  by 
an  order  of  magnitude  in  the  presence  of  the  CW  diode-pumping  in  comparison  with  no  diode 
pumping  (Fig.  1.8).  Interestingly,  this  increase  was  observed  when  power  of  the  diode  beam  at  808 
nm  was  about  10 5  in  comparison  with  the  fourth-harmonic  power. 
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Fig.  1.7.  Fluorescence  spectra  of  Nd:YAG  crystal  under  laser  pumping  at  266 
nm  (red)  and  combined  pumping  at  266  nm  and  808  nm  (blue). 


Fig.  1.8  Fluorescence  intensity  of  Nd:YAG  crystal  at  400.5  nm  under  combined  pumping  by  diode  (at  808  ran) 
and  4-th  harmonic  (at  266  nm  )  vs  diode  pumping  power  (a)  and  energy  of  the  4-th  harmonic  pulse  (b). 

The  fluorescence  in  Nd:YAG  laser  crystal  was  studied  also  using  a  QCW  laser-diode  stack  at  808 
nm  (produced  by  “JENOPTIK  Laserdiode  GmbH”)  with  pulse  duration  of  200... 250  ps  and  peak 
power  up  to  300  W.  Additional  pumping  by  fourth  harmonics  of  a  pulsed  Nd:YAG  laser  (with  pulse 
duration  of  10  ns)  was  also  used  (the  harmonic  pulse  was  time-synchronized  with  the  end  of  the 
diode- stack  pulse). 
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Fig.  1.9.  Fluorescence  intensity  of  Nd:Y AG 
crystal  at  400.5  nm  under  combined 
pumping  by  QCW  diode  stack  (at  808  nm, 

30  pulse  duration  is  i~200lis)  and  4-th 

harmonic  (at  266  nm,  x~10  ns,  pulse  energy 
is  E=2  mJ)  vs  pulse  power  of  the  diode 
stack  ( 1  -  with  control  of  wavelength,  2  - 
without  control  of  wavelength). 
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In  diode-pumped  Nd:YAG  with  additional  4-harmonic  pumping  (at  266  nm)  the  visible 
fluorescence  was  measured  to  have  the  same  spectrum  as  in  the  previous  investigation  with  CW 
pumping  (see  Fig.  1.7).  The  measured  spectrum  indicates  radiation  transitions  from  the  2F(2)5/2 
level.  The  fluorescence  power  increased  almost  linearly  with  an  increase  in  the  diode  power  under 
optimization  of  the  pump  frequency  varied  by  varying  the  diode  temperature  (black  curve  in  Fig. 
1.9).  The  fluorescence  power  increased  by  more  than  40  times  in  the  presence  of  the  QCW  diode 
pumping  in  comparison  with  the  case  when  there  is  no  diode.  (Fig.  1.9).  The  fluorescence  was 
clearly  seen  by  the  human  eye. 

The  strong  increase  of  fluorescence  at  400.5  nm  is  explained  by  population  of  the  2F(2)5/2  level 
induced  by  the  fourth  harmonics  due  to  two-step  transition  through  the  4F3/2  level  (the  latter  level 
was  populated,  in  turn,  from  the  ground  state  by  the  laser  diode  beam).  The  266-nm  wave  induces 
the  strong  (well-allowed)  transition  from  the  populated  4F3/2  level  to  the  5d  electron  shell,  then  the 
4f-5d  inter-shell  radiationless  relaxation  (with  a  characteristic  time  of  2  ns  [7])  provided  the 
population  of  the  2F(2)5/2  level  (through  the  2F(2)7/2  level)  (Fig  1.1).  This  channel  of  the  2F(2)5/2 
level  population  appears  to  be  the  main  one  because  of  the  strong  well-allowed  inter-shell  4f-5d 


transition  whose  cross-section  is  two  orders  of  magnitude  more  than  for  the  low-allowed  intra-shell 
4f-4f  transitions. 

The  strong  violet  fluorescence  in  Nd:YAG  under  the  combined  pumping  may  offer  a  possibility 
of  lasing  at  435  nm  or  400.5  nm.  However,  our  first  attempt  to  obtain  generation  at  400.5  was 
unsuccessful,  probably  due  to  strong  spontaneous  emission  at  1064  nm,  which  decreases  the 
population  of  the  4F3/2  level. 

It  should  be  noted  that  the  visible  fluorescence  intensity  both  in  Nd:YAG  and  Nd:YAP  crystals 
under  third-harmonic  pumping  (at  354  nm)  was  found  to  be  practically  independent  of  the  diode 
pumping  at  808  nm.  Moreover,  the  visible  fluorescence  in  Nd:YAP  crystal  under  pumping  by  the 
second  or  fourth  harmonics  was  measured  to  be  independent  of  additional  diode  pumping  at  808  nm 
(at  least  up  to  20W  of  the  CW-diode  pumping). 

Note,  that  in  Nd:YAG  we  did  not  register  any  visible  fluorescence  (at  370. ..600  nm)  under  single 
QCW  diode  pumping  with  pulse  power  up  to  300  W  (only  the  well-known  IR  lines  were 
registered). 

2.  Interferometric  investigation  of  the  refractive-index  changes  in  the  Nd:YAG  crystal 

under  diode  and  laser  pumping 

The  problem  of  interferometric  measurements  of  refractive  index  changes  (RIC’s)  in  Nd:YAG  laser 
crystal  under  diode  and  laser  pumping  was  solved  using  a  compact  Jamin-Lebedev  polarization 
interferometer  (Fig.  2.1).  Two  testing  cross-polarized  optical  beams  from  a  stable  He-Ne  laser  (with 
output  power  up  to  5  mW  at  633  nm)  propagated  inside  one  Nd:YAG  rod  9  mm  in  length  and  5  mm 
in  diameter.  One  testing  beam  propagated  through  an  area  inside  the  Nd:YAG  rod  which  was 
pumped  by  a  QCW-diode  stack  at  808  nm  (or  a  diode  stack  in  combination  with  the  fourth 
harmonic  of  Nd:YAG  laser  at  266  nm)  (Fig.  2.2).  The  other  propagated  through  a  non-pumped  area 
of  the  Nd:YAG  rod. 


Nd:YAG  laser 


He-Ne 


6 


Fig  2.1.  Schematic  of  the  polarization  interferometer,  1  -  polarization  beam  splitter,  2  -  Gian  prism,  3,4  -  TR-mirrors,  5 
-  semi -reflected  mirror,  6,  7,  8,  9  -  lenses,  10  -  two  channel  receiver  with  an  electronic  differential  amplifier 

To  reduce  noise  in  the  interferometer  a  two-channel  receiver  with  differential  electronic  amplifier 
(number  10  in  Fig.  2.1)  was  used.  The  noised  signals  of  random  fluctuations  due  to  mechanical 
vibrations  or  luminescence  were  deducted  by  the  differential  amplifier  with  the  two-channel 
receiver.  To  decrease  the  luminescence  at  laser  wavelength  the  right  end  of  the  Nd:YAG  rod  has  a 
mirror-reflecting  coating  at  1064  nm.  So  the  sensitivity  of  the  interferometer  to  the  phase-shift 
difference  was  increased  to  2x10.  Signal-to-noise  ratio  in  the  working  point  of  the  interferometer 
was  more  than  5xl02. 


Normalized  signal,  a.u.  Normalized  signal,  a.u. 


2.1.  Results  of  intereferometric  measurements  in  Nd:YAG  laser  crystal  under  diode  pumping. 

The  changes  of  refractive  index  of  Nd:YAG  laser  crystal  under  diode  pumping  were  registered  by 
an  interferometer  setup.  The  pulse  duration  of  the  diode  stack  (at  808  nm)  was  about  200.. .250  ps, 
the  peak  power  was  varied  up  to  250  W.  The  pumping  beam  (with  divergence  l°xl0  when 
collimated  by  a  cylindrical  lens)  was  focused  additionally  onto  the  Nd:YAG  crystal  by  a  spherical 
lens  with  focal  length  varied  from  5  cm  to  15  cm. 


of  200  ps) 


Oscillograms  of  the  RIC’s  indicate  their  linear  increase  during  pumping  pulse  (Fig.  2.3).  Two- 
exponential  decay  after  the  end  of  the  pumping  pulse  was  registered  (Fig.  2.3  and  Fig.  2.4).  The 
slow  decay  (component  A2  in  the  approximation  given  in  Fig.  2.4)  with  characteristic  time  varied 
with  varying  focusing  length  from  3... 4  ms  to  6... 7  ms  can  be  identified  with  relaxation  of 
thermally- induced  changes  of  refractive  index.  The  fast  decay  component  (~Ai  in  the 
approximation  given  in  Fig.  2.4)  has  characteristic  time  of  about  250  ps  that  was  found  to  be 
independent  of  the  focusing  lens.  This  decay  time  corresponds  to  lifetime  of  the  metastable  level 
4F3/2  of  the  working  laser  transition  of  the  Nd:YAG  crystal.  For  these  reasons  this  component  can  be 
identified  with  the  “electronic”  changes  of  the  refractive  index  due  to  different  polarizability  of  the 
ground  state  4I9/2  and  the  excited  metastable  level  4F3/2. 
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Fig. 2. 4.  Approximation  of  interferometric 
signal  (for  different  lenses  used  to  focus  the 
diode  pumping  beam)  by  formula 
Y=Y  0+A1xexp(-t/t1  )+A2xexp(-t/t2) 

The  first  exponent  is  the  electronic  RIC, 
the  second  is  the  thermally  induced  RIC. 


An  analytical  approximation  of  the  relaxation  of  the  index  changes  by  two  exponents  has  shown 
that  the  “thermal”  and  “electronic”  components  are  comparable  for  all  focusing  lenses  used  (Fig. 
2.4).  The  ratio  of  the  “thermal”  and  “electronic”  components  was  also  independent  of  the  diode 
pumping  power.  This  fact  is  in  good  accord  with  the  given  explanation  of  the  origin  of  the  RIC 
components.  Indeed,  both  the  thermal  and  electronic  changes  of  the  refractive  index  must  grow 
proportionally  to  fluence  of  the  pumping  pulses  with  duration  of  about  200ps. 
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Fig.  2.5.  Dependencies  of  the  refractive  index  changes  on  pumping  intensity  for  fixed  pumping  power  (a)  and  on 
pumping  power  (b)  for  different  spherical  lenses  focusing  the  diode-stack  beam  into  Nd:YAG  crystal;  F  is  the 

focal  length  of  the  lens. 

The  interferometric  experiment  allowed  us  to  determine  absolute  values  of  the  RIC’s.  The  total 
RIC  increased  up  to  1...2xl05,  the  maximal  “electronic”  RIC  was  about  5xl0~6.  We  know  from 
previous  spectroscopic  measurements  that  the  4F3/2  level  is  populated  mostly  by  the  diode  pumping, 
and  population  of  other  higher  levels  was  small  [1  R5].  Taking  into  account  that  only  the  4F3/2  level 
is  excited  and  using  the  measured  value  of  RIC  (An)  it  is  possible  to  estimate  its  population  (Nf)  by 
formula: 


Nf 


n0An 
IjiFfAp  ’ 


(2.1) 


where  Ap  is  the  difference  of  polarizability  of  the  excited  level  4F3/2  and  the  ground  state  4I9/2;  FL= 
(n02+2)/3  is  the  Lorentz  factor;  n0  is  the  refractive  index  of  the  Nd:YAG. 

If  the  difference  of  polarizability  of  the  excited  level  4F3/2  and  the  ground  state  4I9/2  is  Ap  =3.9 
10  26  cm3  (for  the  Nd:YAG  crystal  at  630  nm)  [2,3  R5],  the  estimation  of  the  4F3/2  population  by 
expression  (1)  gives  us  Nf  ~  10  19  cm  3.  It  means  20%  population  of  the  4F3/2  level  for  all  Nd3+  ions 
in  our  Nd:YAG  crystal  with  1%  concentration  of  Nd  (5  1019  cm  3). 

Small-signal  amplification  at  X=  1.064  pm  in  the  diode-pumped  Nd:YAG  crystal  was  directly 
measured  (Fig  2.6a).  The  result  of  the  gain  measurement  allows  us  to  determine  the  population  of 
the  excited  level  4F3/2  (Np)  by  formula: 


AG 


^(Iqu,  !!,») 

2(7/ 


(2.2) 


where  o  =  3.5xl0"19  cm’  is  the  gain  cross-section  at  k=1.064  pm,  /  =  0.6  cm  is  the  pumping  length, 
lout  and  Iin  are  the  output  and  input  intensities  of  the  optical  beam. 


The  determined  populations  of  the  excited  4F3/2  level  from  the  interferometric  measurements  (by 
formula  2.1)  and  the  gain  measurement  (by  formula  2.2)  under  the  same  pumping  were 
approximately  the  same  (Fig.  2.6b).  This  fact  indicates  the  high  reliability  of  the  RIC  determination. 
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Fig.  2.6.  Amplification  at  k=l,064  pm  in  the  Nd:  YAG  crystal  (a)  and  approximations  of  the  population  of  the 
metastable  4F3/2  (b)  vs  pulse  power  of  a  QCW  diode  laser  at  808  nm. 


Therefore,  the  interferometric  measurements  showed  that  the  “electronic”  component  of  RIC  in 
Nd:YAG  laser  crystal  under  QCW  diode  pumping  is  comparable  with  the  “thermal”  RIC. 

2.2.  Results  of  interferometric  measurements  of  RIC  in  Nd:YAG  laser  crystal  under 
combined  diode  and  laser  pumping. 

A  next  step  in  our  investigation  was  the  interferometric  measurements  of  the  RIC’s  in  Nd:YAG 
laser  crystal  under  combined  pumping  by  a  laser  beam  and  the  diode  stack.  The  fourth-harmonic  of 
the  pulsed  Nd:YAG  laser  (at  a  wavelength  of  266  nm)  was  used  for  this  additional  pumping.  Our 
previous  spectroscopic  investigations  showed  two-step  excitation  of  the  quasi-metastable  higher- 
lying  level  2(F2)5/2  under  combined  diode  and  laser  pumping  at  wavelengths  of  808nm  and  266nm, 
respectively  [1  R5].  Therefore,  similar  pumping  was  used  to  excite  the  RIC. 

The  interferometric  measurement  showed  a  small  RIC  in  the  Nd:YAG  crystal  under  a  single  pulse 
(with  duration  of  about  10  ns)  of  the  fourth-harmonic  pumping  at  266  nm.  The  slow  relaxation 
dynamics  of  the  RIC  indicates  the  thermal  origin  of  the  effect. 

The  RIC  was  registered  to  be  stronger  under  the  combined  pumping  in  comparison  with  the  single 
diode  pumping  and  the  single  fourth-harmonic  pumping.  The  two  pumping  beams  at  808nm  and 
266nm  co-propagated  in  the  volume  of  Nd:YAG  crystal  (the  experimental  scheme  was  shown  in 
Fig.  2.1).  The  pulse  energy  at  266  nm  was  varied  up  to  2mJ,  pumping  power  of  a  pulse  from  the 
diode-stack  at  a  wavelength  of  808  nm  was  up  to  250W.  The  10-ns  pulse  of  the  fourth  harmonic 
was  varied  in  time  with  respect  to  the  diode-pumping  pulse  with  duration  of  200... 250  ps.  The 
strongest  RIC  was  registered  when  the  fourth-harmonic  pulse  corresponded  to  the  end  of  the  diode¬ 
pumping  pulse. 


Fig.  2.7.  Oscillogram  of  interferometric  signal  in  a  Nd:YAG  amplifier  under  combined  diode  (at  /=808  nm,  t  =200  ps)  and 

laser  pumping  by  4-th  harmonic  of  Nd:  YAG  (at  1=266  nm,  x  -10  ns) 


Again,  the  dynamics  of  the  RIC  relaxation  indicates  two  components:  slow-relaxed  thermal 
component  and  fast  component  with  decay  time  of  about  3  ps  (Fig  2.7).  The  latter  “electronic” 
component  is  explained  by  population  of  the  2F(2)5/2  level  with  life  time  ~3  ps.  This  fact  is  in  good 
accord  with  our  previous  spectroscopic  study.  The  value  of  the  total  RIC  induced  by  the  10-ns 
fourth-harmonic  pulse  was  very  high.  We  reached  saturation  of  the  interferometer  when  it  was  in 
the  most  sensitive  point  before  any  pumping  (total  interferometric  phase  shift  under  diode  and  laser 
pumping  was  more  than  %!2).  Estimation  of  the  fast  “electronic”  RIC  (induced  by  the  combined 
pumping)  gives  us  value  of  1.2... 1.5  10~6  for  quite  a  small  power  of  diode-stack  pulse  (20. ..60  mW) 
and  fourth-harmonics  pulse  energy  2  ml  (Fig.  2.8a).  This  RIC  is  comparable  with  the  total  RIC 
under  single  diode  pumping  with  the  same  power  and  intensity  (Fig.  2.5b).  The  “electronic”  RIC  for 
stronger  diode  power  was  difficult  to  determine  due  to  the  “interferometer  saturation”  resulting  in 
fast  oscillation  of  the  measured  signal. 
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Fig.  2.8.  Refractive  index  changes  of  Nd:YAG  crystal  vs  pulse  energy  of  4-th  harmonic  when  the  pulse  power  of  QCW 
diode  laser  (at  808  nm)  is  a  constant  (a)  and  pulse  power  of  a  QCW  diode  laser  when  the  pulse  energy  of  4-th  harmonic 

is  a  constant  (b) 

The  interferometric  investigation  of  Nd:YAG  under  combined  pumping  (the  diode-stack  peak 
power  was  increased  up  to  60W)  showed  a  linear  increase  of  the  electronic  RIC  with  increasing 
fourth-harmonic  pulse  energy  (Fig.  2.8b).  The  maximum  electronic  RIC  was  determined  in  this 
experiment  to  be  -6.0x1 06,  which  is  much  higher  than  the  total  RIC  in  Nd:YAG  (-2.2x1 0"6)  under 
single  diode  pumping  with  the  same  power.  The  linear  approximation  of  the  electronic  RIC  to  the 
high  pumping  pulse  power  (for  the  fixed  fourth-harmonic  energy  of  2.2  mJ)  gives  -1.7x10 5  (at  300 
W  pulse  power  of  the  diode  stack). 


3.  Investigations  of  the  self-starting  laser  oscillator  with  cavity  completed  by  a  single  grating 

The  experimental  investigation  of  the  self-starting  laser  with  cavity  completed  by  single 
transmission  or  reflection  grating  was  performed  (see  also  report  1  [9]). 

To  realize  a  single  reflecting  grating  or  a  single  transmitting  grating  we  used  a  scheme  of  the  self¬ 
starting  oscillator  with  an  additional  nonreciprocal  device  -  polarization  isolator  (PI).  This  device 
comprises  two  counter-rotating  Faraday  rotators  and  a  polarizer  placed  between  them  (Fig.  3.1  and 
Fig.  3.2).  The  isolator  allowed  propagation  of  only  one  polarization  in  each  way.  As  a  result, 
clockwise  and  anti-clockwise  waves  in  the  cavity  were  orthogonally  polarized.  The  nonreciprocal 
device  provided  the  self-starting  generation  in  the  cavity  which  was  formed  by  only  one  grating  (the 
transmitting  grating  or  reflecting  grating):  1)  two  intersecting  waves  were  cross-polarized  and  did 
not  induce  the  grating;  2)  the  backward-reflecting  gratings,  which  were  induced  by  counterrunning 


waves,  did  not  contribute  to  the  cavity  formation. 

Two  schemes  of  the  self-starting  Nd:YAG  laser  oscillator  were  studied  in  experiment.  They 
differed  by  the  geometry  of  wave  intersection  inside  the  laser  crystal  and  by  the  period  of 
population  gratings  induced  inside  the  laser  crystal.  In  the  first  scheme,  nearly  counterrunning 
generated  optical  waves  intersected  in  the  Nd:YAG  amplifier  and  induced  the  large-scale 
transmitting  grating  (TG)  of  population  that  can  complete  the  cavity  (Fig.  3.1).  The  A74  plate  served 
as  a  polarization  rotator  (PR),  which  in  combination  with  the  mirror  provided  optical  feedback  in 
the  cavity. 


Fig.  3.1.  The  self-starting  laser  with  cavity  completed  by  the  transmitting  grating,  PI  is  polarization  isolator  based  on  a 

Faraday  rotator,  PR  is  A/4  plate. 

In  the  second  scheme,  nearly  co-propagating  waves  intersected  in  the  laser  crystal  and  induced  the 
small-scale  reflecting  grating  (RG)  of  the  population  that  can  complete  the  cavity  (Fig.  3.2). 


Fig.  3.2.  The  self-starting  laser  with  cavity  completed  by  the  reflecting  grating,  PI  is  polarization  isolator  based  on  a 

Faraday  rotator,  PR  is  A/4  plate. 

Either  scheme  comprised  two  laser  amplifiers  with  flash- lamp  pumped  Nd:YAG  laser  crystals. 
Nd:YAG  laser  rods  with  dimensions  of  06x100  mm  or  010x100  mm  were  used  in  the  amplifiers. 
Pulse  duration  of  flash- lamp  pumping  was  about  300ps  with  a  repetition  rate  of  about  1-30  Hz. 

The  experiments  showed  that  generation  threshold  in  the  scheme  with  the  large-scale  TG  is  much 
less  than  with  RG  (Fig.  3).  The  threshold  amplification  of  the  intra-loop  laser  amplifier  in  scheme  1 
(Fig.  1)  was  found  to  be  much  less  than  the  amplification  in  scheme  2  (Fig.  2).  This  result  confirms 
that  the  large-scale  transmitting  grating  induced  by  a  large  number  of  ASE  components  (much  more 
than  in  the  case  of  the  small-scale  reflecting  grating)  has  a  stronger  amplitude  at  the  pre-generation 
stage,  therefore  providing  a  faster  switching  and  larger  intensity  of  the  generation  wave. 

The  obtained  result  is  explained  by  different  spatio-temporal  selectivity  of  the  luminescence  wave 
forming  the  nonlinear  dynamic  mirror.  The  self- starting  conditions  of  the  laser  oscillator  with  the 
dynamic  cavity  can  be  achieved  due  to  the  large  intensity  of  amplified  spontaneous  emission  (ASE). 
An  appropriate  level  of  ASE  corresponds  to  multimode  noise  within  the  broadband  luminescence 
line.  However,  in  this  explanation,  there  appears  a  problem  of  phase  mismatch  between  optical 
waves  reflected  from  the  gratings  that  are  induced  by  the  different  ASE  waves  within  the  full 
luminescence  line. 


Phase  mismatches  of  the  small-scale  RGs  induced  by  counterpropagating  optical  waves  at 
frequencies  within  the  luminescence  line  (in  a  nonlinear  active  rod  several  centimeters  in  length)  are 
very  big.  Therefore,  only  a  small  number  of  luminescence  components  can  participate  in  the 
formation  of  the  reflecting  grating  that  completes  the  cavity.  So  it  is  possible  to  expect  large 
threshold  of  the  self-starting  oscillation  in  the  laser-oscillator  whose  cavity  is  formed  by  the  RG. 

In  contrast  to  the  reflecting  grating,  the  phase  mismatch  of  a  large-scale  TG  induced  by  waves 
with  different  wave  vectors  is  significantly  less  (for  the  same  length  of  the  nonlinear  layer). 
Different  optical  waves  (longitudinal  modes)  at  frequencies  within  the  full  luminescence  line  can 
participate  in  the  formation  of  the  joint  TG.  According  to  our  estimations,  the  ASE  intensity 
provided  by  the  full  luminescence  line  is  quite  sufficient  for  the  self-consistent  initiation  of 
generation.  Therefore,  threshold  of  the  self- starting  oscillation  in  the  laser  with  a  nonlinear  mirror 
formed  by  the  TG  appears  to  be  much  less  than  that  for  the  RG. 


Fig.  3.3.  The  energy  of  the  generated  pulse  vs  gain  of  the  intra-loop  amplifier  in 
schemes  with  the  PI  device  with  TG  (curve  1)  and  RG  (curve  2). 

Oscillograms  of  the  generation  in  schemes  with  TG  or  RG  were  slightly  different:  the  dynamics  of 
the  generation  in  the  scheme  with  RG  was  more  chaotic.  The  existence  of  pre-generation  was 
observed  in  both  cases. 

4.  Investigation  of  spectra  and  temporal  dynamics  of  the  self-starting  oscillator 

To  understand  the  self- starting  conditions  of  the  laser  oscillator  with  a  cavity  completed  by  a  single 
holographic  grating,  the  spectrum  of  longitudinal  modes  and  temporal  dynamics  of  the  optical  beam 
near  generation  threshold  were  studied  simultaneously  (see  also  report  2  [10]). 

The  study  of  self-starting  oscillators  with  cavity  completed  by  a  single  grating  (transmitting  or 
reflecting)  in  the  single  and  double-output  scheme  was  continued.  The  spectra  and  temporal 
dynamics  of  generated  beams  were  measured  simultaneously.  The  experimental  schemes  are 
presented  in  Fig.  3.1  and  Fig.  3.2  for  the  single-output  schemes,  and  Fig.  4.1  and  Fig.  4.2  for  the 
double-output  schemes.  Again,  the  single-grating  regime  was  achieved  by  use  of  a  nonreciprocal 
device  (a  polarization  isolator). 
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Fig.  4.1  The  ling-cavity  self-starting  laser  with  a  transmitting  grating  completing  the  cavity,  PI  is  polarization  isolator 

based  on  a  Faraday  rotator. 


Fig.  4.2.  The  self-starting  laser  with  a  ring  cavity  completed  by  RG,  PI  is  polarization  isolator  based  on  a  Faraday 

rotator. 

EXPERIMENTAL  RESULTS:  Measurements  of  temporal  dynamics  and  spectra  of  longitudinal 
modes  show  that  the  single-mode  generation  can  occur  near  oscillation  threshold  in  all  schemes 
(with  double  or  single  output,  with  cavity  completed  by  a  single  long-period  transmitting  or  small- 
period  reflecting  grating).  However,  the  probability  of  the  single-mode  generation  in  a  scheme  of 
co-propagating  strong  waves  (with  the  reflecting  grating  completing  the  cavity)  was  measured  to  be 
less  than  in  the  scheme  of  counter-propagating  strong  waves  (with  the  transmitting  grating 
completing  the  cavity)  both  for  the  double-  and  single-output  oscillator  (Table  1). 


Table  1.  Probability  of  single-mode  generation  in  self-starting  lasers  near  threshold 


Number  of  outputs 

Type  of  grating  that  completes 
the  cavity 

Single-output  scheme 

Double-output  scheme 

Long-period  transmitting 
grating 

23  % 

(schematic  is  presented  in  Fig. 
3.1) 

36  % 

(schematic  is  presented  in  Fig. 
4.1) 

Small-period  reflecting 
grating 

11  % 

(schematic  is  presented  in  Fig. 
3.2) 

13  % 

(schematic  is  presented  in  Fig. 
4.2) 

Temporal  dynamics  of  the  generated  wave  both  for  the  single-output  and  double-output  schemes  of 
the  self-starting  laser  with  cavity  completed  by  a  single  long-period  transmitting  grating  were 
similar.  In  those  schemes,  an  increase  in  the  longitudinal-mode  number  correlated  with  a  decrease 
in  delay  time  of  the  generated  pulse. 

In  the  single-output  scheme  with  the  small-period  reflecting  grating  (Fig.  3.2)  the  probability  of 
single-mode  generation  was  measured  to  be  small  (Table  1),  and  the  dynamics  of  generated  pulses 
in  the  multi-longitudinal  mode  regime  was  registered  to  be  chaotic.  This  dynamics  can  be  explained 
by  multimode  generation  during  each  pulse.  This  temporal  behavior  appears  to  be  similar  to  the 
free-running  generation  in  an  ordinary  laser  with  a  linear  mirror. 


In  the  double-output  scheme  with  the  small-scale  reflecting  grating  (Fig.  4.2,  see  also  report  1  [9]) 
the  probability  of  the  single-mode  generation  was  small  again  (Table  1),  but  generated  pulses  in  the 
multi-longitudinal  mode  regime  were  more  smooth  than  in  the  previous  case  of  the  single-output 
scheme.  It  can  be  explained  by  single-mode  generation  during  each  pulse  and  by  the  change  in  the 
generation  frequency  from  pulse  to  pulse. 

Therefore,  the  study  of  the  generation  spectra  and  oscillograms  has  shown  good  discrimination  of 
the  longitudinal  modes  in  the  case  of  the  cavity  completed  by  the  long-period  transmitting  grating. 
This  fact  may  be  explained  by  really  “nonlinear”  self-starting  generation  when  the  mode 
discrimination  is  determined  by  both  the  frequency  dependence  of  gain  and  the  diffraction 
efficiency  of  the  nonlinear  grating.  The  high  generation  threshold,  the  small  probability  of  the 
single-mode  generation  in  the  scheme  with  the  small-period  reflecting  grating,  and  the  “free- 
running”  oscillation  dynamics  may  be  explained  by  onset  of  generation  due  to  the  “linear”  diffuse 
scattering  on  rod  boundaries,  microirregularities  and  defects  of  the  laser  crystal  structure.  These 
explanations  are  in  good  agreement  with  our  previous  study  of  generation  threshold.  Indeed,  the 
long-period  transmitting  grating  can  be  induced  (under  generation  threshold)  simultaneously  by  a 
large  number  of  spontaneous  emission  components  within  the  full  luminescence  line.  So,  threshold 
of  the  “nonlinear”  generation  in  this  scheme  is  low,  and  above  threshold  of  the  self-starting 
oscillation  we  have  significant  narrowing  of  the  generation  line  due  to  the  dependence  of  gain  on 
frequency.  In  the  case  of  co-propagating  waves,  the  possibly-induced  small-period  grating  cannot 
be  strong  (under  generation  threshold),  and  the  generation  can  start  at  higher  amplifier  gain  due  to 
“linear”  diffuse  reflection  at  rod  boundaries  and  random  scattering  inside  a  laser  crystal.  Our 
measurement  of  “linear”  random  scattering  inside  the  laser  crystal  indicates  such  a  possibility  for 
high  amplifier  gain. 


5.  Numerical  modeling  of  the  self-starting  lasers 

During  this  project  numerical  modeling  of  different  schemes  of  the  self-starting  lasers  was 
performed.  The  laser  schemes  with  one  or  two  outputs,  with  or  without  cavity  nonreciprocities  were 
studied  numerically.  The  sets  of  the  partial  derivative  equations  for  electrical  field  of  the  optical 
waves  (in  the  plane  wave  approximation),  average-in-space  population  and  population  gratings 
were  calculated.  The  Euler’s  method  with  different  spatio-temporal  grids  (for  example,  with  crossed 
grids  for  electric  fields  amplitudes  and  population  gratings)  was  used.  Different  models  of  the  noise 
source  were  assumed  (the  delta-correlated  distributed  noise,  the  equivalent  noise  in  the  boundary, 
the  regular  population  grating  inside  the  active  medium). 

The  self-starting  oscillations  were  obtained  in  several  of  the  investigated  models.  However,  the 
generation  threshold  depended  on  many  factors.  For  an  optical  scheme  the  threshold  of  the 
oscillation  was  different  for  different  models  of  the  initial  noise  source.  The  influence  of  the  noise 
source  spectrum  on  generation  threshold  was  investigated.  The  generation  threshold  was  found  to 
be  dependent  on  the  spectrum  of  the  noise  source.  The  delta-correlated  distributed  noise  source 
required  the  longest  calculation  time,  and  corresponded  to  the  highest  threshold  of  the  self-starting 
oscillations.  Different  method  of  calculations  also  gave  different  generation  threshold  (even  for  the 
same  noise  source). 

In  the  single  output  scheme  of  the  laser  the  generation  was  obtained  for  all  model  we  used,  in  the 
cases  of  a  single  grating  completing  the  cavity  and  multi-gratings  cases.  The  oscillation  threshold 
was  little  dependent  on  the  number  of  gratings  in  the  cavity.  Several  resonances  of  the  frequency 
detuning  (the  parameter  £2Ti)  of  the  intersecting  intracavity  waves  were  found.  The  average 
intensity  of  the  random  noise  source  (the  threshold  noise  for  the  self-starting  laser)  was  determined 
10'7...10‘5. 


In  the  double-output  schemes  the  generation  was  obtained  for  the  multi-gratings  regimes  for  all 
used  model  of  the  initial  noise.  However,  in  the  case  of  a  single  grating  completing  the  cavity  and 
delta-correlated  random  distributed  noise  source  the  self-starting  oscillation  was  not  found. 

The  existence  of  a  determined  grating  of  population  in  the  active  media  led  to  a  threshold 
decrease  in  the  several  studied  schemes.  However,  the  amplitude  of  the  determined  grating  was 
required  quite  big,  and  it  could  not  be  explained  by  the  real  pump  distribution  inside  the  active 
medium.  The  really  existing  random  pump  inhomogeneity  can  give  a  contribution  to  the  additional 
distributed  feedback,  when  the  oscillation  threshold  is  quite  big.  For  this  reason,  the  self-starting 
conditions  of  the  laser  on  the  population  gratings  can  be  provided  by  random  spontaneous 
polarization  in  the  active  medium,  or  random  inhomogeneities  in  the  pumped  area. 

In  general,  the  results  of  numerical  calculations  were  in  an  accord  with  the  experimental  results. 
In  particular,  the  necessity  of  the  refractive  index  gratings  in  the  active  medium  for  the  self-starting 
condition  of  the  dynamic  laser  with  a  random  noise  source  was  confirmed. 

6.  Influence  of  phase  nonreciprocity  of  the  dynamic  cavity  on  the  oscillation  condition  of  the 

holographic  laser 

Two  kinds  of  self-starting  laser  oscillators  with  cavity  formed  by  holographic  gratings  induced  in  an 
active  medium  by  generating  beams  themselves  have  been  studied  so  far.  A  group  from  Imperial 
College  (London)  headed  by  Dr.  M.J.  Damzen  has  studied  the  self-starting  oscillator  with  the  cavity 
formed  by  gain  gratings  in  the  presence  of  the  amplitude  and  phase  nonreciprocity  [11].  Another 
kind  of  the  self-starting  laser  with  a  reciprocal  cavity  completed  by  refractive-index  grating  in  a 
laser  crystal  has  been  studied  by  ourselves  (see,  for  example,  [12]).  The  both  schemes  of  the  self¬ 
starting  lasers  can  be  implemented  using  a  Nd:YAG  laser  crystal.  For  the  nonreciprocal  cavity,  gain 
gratings  were  supposed  to  play  the  main  role  for  positive  feedback,  whereas  in  the  reciprocal  cavity 
moving  refractive-index  gratings  may  provide  the  generation  condition. 

In  this  report  we  present  the  results  of  theoretical  and  experimental  investigation  of  the  influence 
of  phase  nonreciprocity  on  characteristics  of  the  self-starting  holographic  laser  based  on  a  Nd:YAG 
laser  crystal  with  an  amplitude-reciprocal  cavity.  The  goal  of  this  study  is  to  verify  the  theory  of  the 
self- starting  lasers  and  search  for  an  optimal  scheme  of  the  laser. 

6.1  Numerical  study  of  dynamic  laser  with  nonreciprocal  cavity 

It  is  known  in  the  theory  of  phase  conjugating  oscillators  that  different  kinds  of  holographic 
gratings  provide  a  condition  for  oscillation,  and  its  threshold  depends  on  the  reciprocity  or 
nonreciprocity  of  the  cavity.  Optimal  phase  nonreciprocity  for  a  self-pumped  phase  conjugator 
based  on  a  refractive-index  grating  is  ti/2;  optimal  phase  nonreciprocity  (in  the  presence  of  cavity 
amplitude  nonreciprocity)  for  a  gain  grating  is  n.  Similar  optimal  nonreciprocity  is  for 
photorefractive  materials  with  gratings  of  local  and  non-local  origin  [13]. 

A  self-starting  laser  is  a  more  complicated  object;  however,  it  is  possible  to  expect  that  optimal 
phase  and  amplitude  nonreciprocities  of  this  system  may  be  similar  to  those  of  the  phase  conjugator. 
Another  problem  is  the  complex  character  of  the  origin  of  the  nonlinearity  of  the  laser  crystal.  At 
least  in  a  flash-lamp  pumped  Nd:YAG  crystal  the  population  gratings  are  accompanied  by  both  the 
gain  gratings  and  refractive-index  gratings. 

A  model  of  the  self-starting  Nd:YAG  laser  was  numerically  investigated  by  partial  derivative 
equations  using  Euler’s  crossed- grids  method.  The  existence  of  both  gain  and  refractive-index 
gratings  accompanying  the  population  gratings  was  assumed.  Different  phase  nonreciprocities  of 
the  self-starting  laser  cavity  for  clockwise  and  anti-clockwise  waves  were  studied  (Fig.  6.1). 


Fig.  6. 1 .  Experimental  schematic  of  the  self-starting  laser  and  diagram  of  wave  vectors  of  generating  waves. 

Calculations  showed  that  the  holographic  laser  (its  generation  threshold  and  the  output  power) 
with  an  amplitude  reciprocal  cavity  is  quite  sensitive  to  the  phase  nonreciprocity  (Fig.  6.2).  Optimal 
phase  nonreciprocity  for  the  nearest  threshold  was  found  to  be  1.1%.  The  biggest  difference  for  the 
energy  of  the  output  pulse  train  can  be  achieved  for  different  phase  nonreciprocities  near  the 
oscillation  threshold. 
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Fig.  6.2.  Numerically  calculated  dependence  of  the  pulse-train  energy  vs  small-signal  gain  for 
different  values  of  phase  nonreciprocity  of  the  self-starting  cavity  near  the  oscillation  threshold. 


Optimal  frequency  phase  shift  was  found  to  be  dependent  on  the  phase  nonreciprocity.  The 
following  figures  show  the  output  wave  maximum  intensity  vs  intracavity  frequency  shift  for 
different  values  of  phase  nonreciprocity  at  different  noise  source  intensities  (In):  near  the  oscillation 
threshold  (Fig.  6.3a,  In=  1.5 -10^1^)  and  far  above  the  oscillation  threshold  (Fig.  6.3b,  In=5.510~ 
4Isat).  The  oscillation  threshold  value  is  In  thres=l  .22- 1 0  4Isat  without  any  phase  nonreciprocity  (with 
small-signal  gain  a /  =  4)  and  Inthres=9.65T0  5Isat  with  near-optimal  phase  nonreciprocity. 


Fig.  6.3.  Numerically  calculated  dependence  of  the  output  peak  power  vs  frequency  detuning  of  the 
generated  beam  for  different  values  of  phase  nonreciprocity  near  (a)  and  far  above  (b)  oscillation 

threshold. 


6.2  Experimental  study  of  the  self-starting  laser  with  phase-nonreciprocal  cavity 

The  phase  nonreciprocity  of  the  holographic  cavity  of  the  self-starting  laser  was  realized  by  use  of  a 
phase  plate  (772  or  k/4)  and  orthogonal  polarizations  of  clockwise  and  anti-clockwise  waves  (Fig. 
6.1).  The  polarization  of  the  waves  in  the  cavity  was  determined  by  a  polarizer  (P)  and  a  Faraday 
rotator  (FR).  Different  orientation  of  the  phase  plate  (PP)  allowed  us  to  have  the  phase 
nonreciprocity  of  7i/2,  -7t/2,  n  and  Flash-lamp  pumped  Nd:YAG  amplifiers  (06x1 0-mm  rod) 
were  used. 

The  influence  of  the  phase  nonreciprocity  on  the  self-starting  laser  was  experimentally  studied 
both  in  IAP  RAS  (Nizhny  Novgorod)  and  Imperial  College  (London).  The  results  were  the  same. 

The  experiments  showed  that  generation  threshold,  energy  of  generated  pulses  and  average  power 
depend  on  the  cavity  phase  nonreciprocity.  The  generation  threshold  can  be  decreased  and 
generation  power  can  be  increased  by  using  phase  nonreciprocity  (Fig.  6.4). 
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Fig.  6.4.  Measured  generated  pulse  energy  vs  gain  of  the  Nd:  YAG  amplifier  in  the  laser  with  the  dynamic  cavity  with 

phase  nonreciprocity  "-0.571"  (black  line)  and  "0,5 71"  (red  line). 


In  conclusion,  our  study  showed  the  influence  of  the  phase  nonreciprocity  of  the  cavity  of  a  self¬ 
starting  laser  on  its  generation  threshold  and  output  power.  This  fact  should  be  taken  into  account  in 
analyzing  different  schemes  of  the  self-starting  lasers. 

7.  Investigation  of  mode-locking  in  self-starting  laser  with  dynamic  cavity. 

We  studied  the  self-starting  laser  with  cavity  completed  by  dynamic  grating  induced  in  media  with 
fast  nonlinearity.  A  saturable  absorber  based  on  a  polymethine  dye  in  a  polyurethane  matrix  with 
picosecond  relaxation  time  was  used  as  the  nonlinear  medium  [14].  New  cells  with  polymer  films 
100... 300  pm  in  thickness  placed  between  two  glass  plates  were  used  in  these  experiments. 
Motivation  for  this  study  was  the  search  for  a  new  method  of  self- mode- locking  using  self- starting 
lasers  with  dynamic  cavity. 

7.1.  Self-starting  laser  with  a  non-Bragg  multi-grating  nonlinear  mirror 

The  most  interesting  result  was  obtained  in  the  scheme  with  multi- intersecting  waves  in  the 
nonlinear  layer  (Fig.  7.1).  The  thickness  of  the  nonlinear  layer  was  100  pm,  and  the  intersection 
angle  was  the  same  (about  0.1  rad)  for  all  three  pairs  of  waves.  Non-Bragg  diffraction  on  the 
holographic  gratings  in  the  thin  layer  provided  the  interaction  of  the  intersecting  waves  due  to 
higher  diffraction  orders.  The  use  of  the  dye-doped  polymer  layer  both  as  a  dynamic  holographic 
medium  and  a  convention  saturable  absorber  enabled  generation  of  a  pulse  train  with  sub¬ 
nanosecond  single-pulse  duration. 


Saturable  Absorber 
on  the  Mirror 


Nd:YAG 


Saturable  Absorber 
on  the  Mirror 


Mirror  2 


Mirror  3 

Fig.  7.1.  Schematic  of  the  self-starting  laser  with  a  non-Bragg  nonlinear  mirror  in  the  saturable  absorber,  wave-vector 

diagram  and  oscillogram  of  the  generated  pulse  train. 


The  temporal  behavior  of  the  pulse  train  slightly  varied  from  one  pump  pulse  to  another.  The  most 
regular  dynamics  of  the  generated  pulse  train  was  registered  near  the  self-starting  oscillation 
threshold  (Fig.  7.2b). 


Fig.  7.2.  Oscillograms  of  the  output  beam  in  the  self-starting  laser  with  the  fast  nonlinear  mirror  far  above  oscillation 
threshold  (a)  and  near  threshold  (b). 


The  total  energy  of  the  pulse  train  consisting  of  10. .  .30  pulses  was  measured  to  be  up  to  10  mJ. 
Dynamics  of  each  pulse  of  the  generated  train  was  also  studied  using  a  fast  oscilloscope  scale. 
Pulses  far  above  generation  threshold  demonstrated  a  rather  complicate  temporal  behavior  (Fig. 
7.3).  The  train  dynamics  and  each  pulse  temporal  structures  indicated  that  far  above  generation 
threshold  we  have  a  finite  number  of  the  locking  modes.  In  other  words,  we  have  partially  mode¬ 
locking  pulses. 


Fig.  7.3.  Oscillograms  of  the  generated  pulses  in  the  train  far  above  the  self-starting  oscillation  threshold. 

7.2.  Mode-locking  in  laser  with  a  double-phase  conjugate  mirror  in  the  fast  nonlinear 
absorber 

In  the  next  series  of  our  experiment,  a  laser  scheme  with  a  transmitting  dye-doped  polymer  layer 
was  studied.  Two  optical  waves  intersected  in  the  nonlinear  layer  and  induced  a  transmitting  grating 
of  population  in  the  saturable  absorber.  This  grating  completed  the  cavity  by  reflecting  the 
intersection  waves  from  one  direction  to  another.  The  nonlinear  layer  played  the  role  of  a  nonlinear 
double-phase  conjugated  mirror.  To  avoid  any  small-scale  reflection  grating,  which  could  decrease 
the  spectral  bandwidth  of  the  generation  beams,  we  used  an  additional  90°  polarization  rotator  (PR) 
in  the  cavity. 


Fig.  7.4.  Schematic  of  the  laser  with  a  double-phase  conjugate  mirror,  wave-vector  diagram  and 
oscillogram  of  the  mode-locking  pulse  train. 


Generation  threshold  of  the  laser  with  the  double-phase  conjugate  mirror  was  found  to  be  much 
higher  than  for  the  single-output  cavity;  however,  the  mode-locking  regime  was  achieved  more 
easily. 


Fig.  7.5.  Dynamics  of  the  generated  pulse  train  in  the  double  output  scheme. 

The  mode-locking  generation  was  obtained  by  use  of  lenses  with  the  focal  distance  of  25. ..28  cm. 
The  measurement  of  pulse  duration  in  the  train  was  made  by  the  well-known  FROG  method 
(second  harmonic  generation  in  the  intersection  area  of  two  mutually-delayed  parts  of  the  beam). 
For  this  purpose,  an  additional  amplifier  of  the  generated  pulses  was  used.  This  measurement 
indicates  the  characteristic  pulse  duration  of  about  30...  100  ps.  Unfortunately,  the  generation  is 
limited  due  to  degradation  of  the  polymer  (within  20-30  minutes  of  operation  with  the  pulsed  laser 
even  at  ~1-Hz  repetition  rate)  resulting  in  optical  breakdown  of  the  film.  The  most  serious  problem 
in  the  experiment  was  the  degradation  of  the  polymer  film  and  its  optical  breakdown. 

When  the  focal  distance  of  at  least  one  lens  was  increased  to  50  cm  the  picosecond  mode-locking 
generation  was  absent.  In  this  case,  generation  of  pulses  with  duration  of  several  nanoseconds  or 
several  tens  of  nanoseconds  was  recorded.  The  former  generation  (i.e.  pulses  at  several 
nanoseconds)  can  be  explained  by  partial  mode-locking,  while  the  latter  generation  (pulses  with 
several  tens  of  nanoseconds)  -  by  self-Q-switching.  These  regimes  are  caused  by  the  thermal 
grating  formed  in  the  absorbing  polymer.  This  thermal  grating  with  period  of  about  10  pm  having 
decay  time  in  polymer  of  about  20  ps  is  integrated  during  several  round  trips  through  the  cavity, 
leading  to  the  long-pulse  generation. 

Therefore,  our  experiments  have  confirmed  the  possibility  in  principle  of  the  mode-locking 
generation  in  the  Nd:YAG  laser  with  dynamic  cavity  completed  by  a  fast-  relaxed  grating  which 
plays  a  role  of  broadband  nonlinear  dynamics  mirror.  A  disadvantage  of  the  investigated  self¬ 
starting  laser  is  low  damage  threshold  of  the  dye-doped  polymer  saturable  absorber.  However,  this 
technique  can  be  used  for  other  active  and  nonlinear  media  to  obtain  reliable  mode-locking 
generation. 


8.  Experimental  investigation  of  the  high  average  power  laser 

The  investigation  of  the  possibility  for  obtaining  high-average  power  beam  with  good  quality  in  the 
self-starting  Nd:YAG  laser  with  dynamic  cavity  was  one  of  the  main  goals  of  the  project.  Several 
experimental  schemes  of  the  laser  with  adaptive  cavity  were  studied  to  achieve  this  goal. 

8.1.  A  “8-like”  scheme  of  the  self-starting  laser. 

An  8-like  architecture  of  self-starting  laser  was  investigated  (Fig.  8.1,  and  reports  2  and  3  [8,10]). 
The  scheme  comprises  two  Nd:YAG  rods  of  big  sizes  (dimensions  of  rods  1  and  2  were  12x135 
mm2),  mirrors,  and  polarization  elements  (Fig.  8). 

The  energy  of  the  generated  pulse  train  with  a  repetition  rate  of  ~30  Hz  reached  8.0... 9.0  J.  It 
gives  about  240... 270  W  of  average  power.  However,  the  output  beam  quality  was  not  good.  The 
beam-quality  parameter  was  M'~9...10.  The  use  of  additional  polarization  rotators  (90  polarization 
quartz  rotators  and  a  Faraday  rotator)  did  not  provide  any  considerable  improvement  of  the  beam 
quality. 


Fig.  8.1.  The  schematic  of  a  self-starting  laser  includes  two  Nd:YAG  rods,  two  polarization  rotators, 
mirrors  (MrM7),  and  quarter-wavelength  plates  (A/4)  or  a  Faraday  rotator. 


8.2.  A  “simple”  scheme. 

In  this  scheme  the  number  of  optical  elements  was  decreased.  It  comprises  two  Nd:YAG  rods  of  big 
sizes  (dimensions  of  rods  1  and  2  were  12x135  mm2),  lenses  Fi  and  F2,  mirrors  and  a  polarization 
rotator  (Fig.  8.2).  The  lenses  Fi  and  F2,  along  with  the  summed  thermal  lens  of  the  two  rods,  give 
telescopes,  thereby  minimizing  diffraction  losses  in  the  scheme.  For  compensation  of  polarization 

o 

aberrations  in  the  rods  a  90  polarization  quartz  rotator  (placed  between  two  flash-lamp-pumped 
Nd:YAG  rods)  was  used. 


Fig.  8.2.  A  new  variant  of  the  self-starting  scheme  comprising  2  Nd:YAG  rods,  and  lenses  F[ 

and  F2. 


The  experimental  results  were  as  follows:  a)  generation  of  a  beam  with  average  power  up  to 
100...  120  W  was  achieved;  b)  the  generated  beam  quality  was  not  good  (M2  >  5... 8).  The 
disadvantages  of  this  scheme  are  as  follows:  1).  imperfect  quality  of  the  generated  beam,  which 
again  may  be  explained  by  strong  polarization  distortions  not  totally  compensated  by  simply 
rotating  the  polarization;  2).  decrease  in  the  average  power  of  the  generated  beam  in  comparison 
with  other  scheme. 


8.3.  The  scheme  with  telescope  imaging  transfer 

To  improve  the  depolarization  compensation,  another  scheme  was  devised.  This  scheme  comprises 
two  Nd:YAG  rods  of  big  sizes  (dimensions  of  rods  1  and  2  were  12x135  mm2),  5  lenses,  mirrors, 
and  a  quartz  rotator  (Fig.  8. 3). This  scheme  utilizes  the  idea  of  compensation  of  thermally  induced 
birefringence  by  transferring  images  of  the  principle  plane  of  one  amplifier  rod  to  the  principle 

o 

plane  of  another  rod  and  by  rotating  the  beam  polarization  at  90  [15]. 


The  results  of  our  experimental  study  of  this  scheme  are  as  follows.  A  beam  with  good  quality  can 
be  obtained  (M2  was  estimated  close  to  1).  However,  the  average  power  of  the  generated  beam  is 
still  small  (of  about  50. .  .60  W),  which  is  likely  to  be  due  to  strong  diffraction  losses  on  the  big  total 
lens  of  the  cavity  that  was  about  12  m. 

8.4.  “Compact”  scheme  with  image  transfer 

At  the  next  step  of  our  investigation,  the  self-starting  laser  with  compact  cavity  and  image  transfer 
was  realized  (Fig.  8.4.  and  see  report  4).  This  scheme  comprises  two  Nd:YAG  rods  with  big  sizes 
(0  12  mm,  and  length  of  135  mm),  several  lenses,  mirrors,  and  a  quartz  rotator. 


Fig.  8.4.  Schematic  and  equivalent  scheme  of  the  self-starting  laser  with  telescope  imaging:  FrF2  - 
lenses;  Mt  and  M2  -  mirrors;  Nd:YAG  -  amplifiers. 

We  again  try  to  realize  the  idea  of  compensation  of  thermally  induced  birefringence  by  transferring 
images  of  the  principle  plane  of  one  amplifier  rod  to  the  principle  plane  of  another  rod  and  by 


o 

rotating  the  beam  polarization  at  90  .  This  method  is  good  for  two  identical  amplifier  rods. 

The  experiment  was  directed  at  optimization  of  the  scheme  by  appropriately  choosing  lenses  and 
cavity  distances.  The  equivalent  cavity  has  a  small  length  (about  180  cm). 

The  influence  of  intracavity  diaphragms  (Dl,  D2)  on  beam  quality  and  average  power  was  also 
investigated  (Table  8.1.).  The  output  average  power  of  290... 300  W  with  beam  quality  M2X  =  2.96, 
M2y  =  3.80  was  experimentally  obtained. 


Table  8.1. 


D2,  mm 

5 

4 

3 

2 

Dl,  MM 

2.6 

2.5 

2.2 

2.1 

2.7 

2.2 

1.4 

1.6 

2.4 

M;y 

254  W 

225  W 

205  W 

185  W 

2.7 

2.3 

2.2 

1.9 

M\ 

3 

2.9 

2.2 

2.3 

2.5 

M:y 

259  W 

244  W 

215  W 

200  W 

2.9 

2.3 

1.02 

1.2 

M\ 

- 

2.8 

2.3 

2.0 

1.9 

M:y 

283  W 

264  W 

234  W 

211  W 

The  analysis  of  the  beam  power  and  quality  showed  its  high  sensitivity  to  the  diameter  of  the 
diaphragm  D2  placed  in  the  backward-reflecting  arm  of  the  scheme.  For  understanding  of  the 
selective  property  of  the  laser  the  Fresnel  parameter  of  an  equivalent  scheme  was  calculated.  The 
beam  quality  was  found  to  be  a  function  of  the  Fresnel  parameter  (Table  8.2).  The  good  beam 
quality  at  average  power  more  than  250W  was  obtained  for  the  effective  Fresnel  number  of  about 
2. ..3.  This  generation  was  stable  in  time.  This  fact  indicates  good  adaptive  property  of  the  dynamic 
cavity.  Indeed,  a  Nd:YAG  laser  with  common  mirrors  and  the  similar  Fresnel  number  is  unable  to 
generate  a  good-quality  beam.  Similar  result  was  obtained  in  our  previous  study  of  the  self-starting 
laser  based  on  the  Nd:YAG  rods  of  small  dimensions  (06x100  mm  and  010x100  mm)  [..]. 

The  experiments  showed  that  the  quality  of  the  generated  beam  in  the  plane  of  the  scheme  was 
higher  than  in  the  orthogonal  plane.  This  result  can  be  explained  by  better  selectivity  of  the  dynamic 
holograms  in  the  plane  of  the  beam  intersection. 


Table  8.2. 


3  mm 

1.17 

234  W 

M2x  =  1.02 
M2y  =  2.0 

t 

2  mm 

0.52 

211  W 

M2x  =  1.2 
M2y=  1.9 

4 

Therefore,  the  last  variant  of  the  self- starting  laser  has  demonstrated  a  possibility  of  generation  of 
the  high-average-power  beam  with  good  quality.  This  scheme  appears  to  be  quite  simple  and 
reliable.  It  has  additional  potential  for  power  increase  by  use  of  an  additional  pass,  the  three- 
dimensional  architecture  can  give  an  improvement  of  beam  quality  (or  semitrization  of  the  beam). 

The  investigated  scheme  can  be  used  in  a  diode-pumped  laser  system.  However,  now  it  is  clear 
that  the  nonlinearity  of  the  flash- lamp-pumped  Nd:YAG  crystal  and  the  diode-pumped  crystal  is 
quite  different.  Therefore,  the  diode-pumped  self- starting  laser  requires  further  investigation. 
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III.  Purchase  of  the  equipment 


The  QCW  laser  diode  stack  at  808  nm  with  peak  power  up  to  300W  (type  SPL  QY81K)  was 
purchased  by  ISTC  in  “Opto  Semiconductors”  Corporation,  Germany.  The  device  has  been  received 
by  ISTC  in  June  2002. 


IV.  Budget  report 


Money  was  spent  for  Individual  Financial  Support: 


O.L.  Antipov 

$  10,500, 

A.P.  Zinov’ev 

$  3,440, 

D.V.  Chausov 

$  2,520, 

A.V.  Afanas’ev 

$700, 

V.A.  Vorob’ev 

$  1,080, 

O.N.  Eremeykin 

$  1,720, 

I.V.  Yurasova 

$360, 

L.G.  Kozina 

$500, 

A.P.  Savikin 

$  1,150, 

I.F.  Nurgaleev 

$  100, 

A.S.  Samborskii 

$  100, 

N.A.  Markelov 

$  100. 

SubTotal:  $  22,270.00 

Laser  diode  Array  SPL  QY81K  9,525.00  EURO  ($8,448.00) 

TOTAL  30,718.00 


Principal  Investigator: 


/Oleg  Antipov/ 


